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INTRODUCTION 
In soils, materials such as fertilizers, agricultural 
chemicals, and wastes are subject to movement with water through 
soil profiles. Added water from rain fall or irrigation mixes 
with and displaces these materials. This process of mixing and 
displacing is called miscible displacement. Miscible dis­
placement occurs when one fluid soluble in a second fluid 
displaces the latter. Leaching of salts by irrigation water, 
displacement of soil solution by rain water and refreshment of 
soil air by oxygen-rich air are examples of miscible displace­
ment in soil. 
The mixing between two fluids results from molecular 
diffusion and mass transport. The mixing of soil solutions, 
however, is complicated by adsorption, repulsion, and exchange 
processes, also, by microbial activity and non-homogeneity of 
soil. Mixing processas in porous media frequently involve the 
movement of solutions having different concentrations. The 
application of fertilizer and the loss of water through évapo­
transpiration from the soil surface increases the concentration 
of the soil solution, while the infiltration of rain water 
dilutes the soil solution. These differences in concentration 
result in density and viscosity gradients. 
The movement of solutions of varying density and viscosity 
in soil is a process of great practical interest. If densities 
and viscosities of two solutions are not equal, the displacement 
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front will become irregular under certain conditions. Such a 
flow of non-uniform displacement is called unstable flow. 
Unstable flow may occur when fertilizer or waste disposal 
solutions are added to the soil surface and plants remove water 
from the soil solution. 
Density and viscosity gradients are known to be the main 
factors that influence the stability of miscible displacement. 
However, most of the experimental studies on the stability of 
miscible displacement have been carried out in laboratories of 
petroleum engineering. The density and viscosity ratios, 
permeabilities, and flow velocities in these experiments were 
much larger than those expected in agricultural soils. 
In this study, miscible displacement experiments were 
conducted on the mixing characteristics of solutions of dif­
ferent densities and viscosities in vertical soil columns. A 
particular objective of this study is to compare experimentally 
obtained parameters on flow stability with a theoretical 
stability parameter proposed by Dagan (1966). The behavior of 
the displacing solution was determined by measuring the concen­
tration at the outlet of the soil column of a tracer added to 
the displacing solution. Main variables considered in this 
study were flow direction, soil type, moisture content, 
permecibility, column length, density and viscosity gradients. 
Horizontal flow is not of interest because heavier solutions 
in horizontal flow will flow under lighter solutions. 
3 
A flow cell scintillation counting system was used to 
analyze the concentration of the tracer in the outflow. This 
flow cell scintillation counting system reduces the difficult 
and laborious processes encountered by other investigators 
using other methods in unsaturated miscible displacement 
experiments. 
4 
REVIEW OF LITERATURE 
Theory and Dispersion Equation 
The mixing of two fluids moving through a capillary tube 
involves molecular diffusion and convective mixing (Taylor, 
1953). Molecular diffusion is a process of mixing by the 
thermal random motion of molecules and it occurs whether fluids 
are in motion or at rest. Convective mixing results from 
velocity distribution in the tube with the highest velocity 
in the direction of flow and convective mixing arises only 
when the fluids are in motion. When fluid flows through a 
porous medium, the magnitude and direction of the flow vary 
from point to point because of the heterogeneity of the flow 
medium. This heterogeneity also contributes to the mixing 
process. The spreading of a fluid into a second fluid during 
the flow is called hydrodynamic dispersion or simply dispersion 
(De Wiest, 1969, p. 109). 
Some investigators (Scheidegger, 1961? Perkins and 
Johnston, 1963) suggest the term dispersion to distinguish 
spreading by purely mechanical dispersion and spreading by 
molecular diffusion. Other investigators (Coats and Smith, 
1964; Taylor, 1953) use the term dispersion as the sum of 
mechanical dispersion and molecular diffusion. The diffusion 
effect is often neglected or assumed to be relatively 
negligible to simplify the problem in the development of 
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equations describing the mixing process in porous media. 
Nielsen emd Biggar (1961), however, state that the flow rate 
in agricultural soil is slow and molecular diffusion can not be 
neglected in soil-water miscible displacement. 
Various mathemetical models have been proposed to describe 
the behavior of a tracer in the mixing process. These models 
use two approaches (De Wiest, 1969, p. 116). The first 
approach replaces the actual medium by a simplified fictitious 
model such as a single capillary tube, a bundle of capillaries, 
or an array of cells. The second approach uses a statistical 
model. The statistical model is conceptual and averages 
microscopic motions in order to describe the behavior of a 
tracer in the mixing process. Examining theoretical models 
against experimental results, Nielsen emd Biggar (1962) con­
cluded that none of the models tested predicted the behavior of 
the tracer in agricultural soils as well as it did in idealized 
porous media such as glass beads or sand. Nielsen and Biggar 
(1962) , however, pointed out that the partial differential 
equation given by Lapidus emd Araundson (1952) is satisfactory. 
A number of investigators (Biggar and Nielsen, 1964; Brenner, 
1962; Cho et al., 1970; Corey et al., 1970; Guymon, 1970; 
Krupp and Elrick, 1969; Shamir and Harlemcoi, 1967) have used 
Equation 1 to describe the unidirectional mixing process 
If = 
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without chemical reaction in a porous medium where t is the 
time (hr) from the commencement of the displacement, x is the 
distance (cm) from the point of introduction of the displacing 
solution, C = C (x, t) is the tracer concentration (moles/liter), 
2 D is the apparent diffusion coefficient (cm /hr) and v is the 
average flow velocity (cm/hr). The average flow velocity v is 
defined as 
3 
where Q is the flow rate (cm /hr), A is the cross sectional 
2 
area (cm ) of the column, and 0 is the porosity or water content 
3 3 (cm /cm ). When the column is saturated with water, the 
porosity and water content have the same value. For the un­
saturated column, the values of water content and porosity are 
different, cuid the water content is used to obtain the average 
flow velocity. Equation 1 assumes no density or viscosity 
gradient and that the mixing process arises from molecular 
diffusion and convective velocity distribution. 
Ogata and Banks (1961) solved Equation 1 for a semi-
infinite column and for continuous input of a displacing 
solution subject to the boundary and initial conditions 
C = C X = 0 t > 0 
o 
C = 0  X =  0  t  =  0  
C = 0 X-»-» t > 0 
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and their solution is given as 
C_ 
C. 
1 
2 
vx 
erfc X - vt 
C4 Dt) 171 
+ e erfc X + vt 
(4 Dt) 172 
[2] 
where erfc is the complementary error function defined by 
erfc 2= 1 -  erf z = 
IT 
2 
172 I e"*^ dg [3] 
According to Ogata and Banks (1961), the second term of 
Equation 2 may be neglected with little loss of accuracy when 
x/D is sufficiently large. Then the solution reduces to the 
following form: 
§- = I erfc X - vt 
(4 Dt) 175" 
[4] 
which is also a solution for another equation to describe the 
mixing process (Danckwerts, 1953): 
[5] 
Term D in Equation 1 is the apparent diffusion coefficient and 
the eddy effect due to complex geometry of a porous medium is 
neglected, while D in Equation 5 is the dispersion coefficient 
and the diffusion effect is neglected. For this reason. 
Equation 1 is often called a diffusion-type equation and 
Equation 5 is often called a dispersion-type equation, and D 
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in Equation 1 is called an apparent diffusion coefficient 
rather than a dispersion coefficient (Nielsen and Biggar, 
1963}. Although Equations 1 and 5 are derived from two dif­
ferent viewpoints, the coefficient D determined empirically 
often does not fit either viewpoint. That is, D measured 
empirically correspond neither to the D of molecular diffusion 
nor the D of mechanical dispersion. 
To obtain information on the mixing process under experi­
mental conditions, breakthrough curves are usually plotted. 
Breakthrough cuirves sire plots of the ratio of the tracer con­
centration in outflow to the original tracer concentration 
(C/CQ) versus the ratio of the outflow volume to the volume of 
water in the column (pore volume). By definition, the number 
of pore volumes P is given as 
where V is the bulk volume of the column, and Q and 0 were 
defined before. Through some manipulation. Equation 6 is re­
written as 
P = J t [7] 
where L is the column length. If the concentration is 
determined at the outlet end of the column at various times, 
the column length L replaces x and Equation 4 is rewritten as 
9 
1 - p [8] 
In Equation 8 for p = 1, it is seen that C/C^ = 0.5. That is, 
the ratio C/C^ = 0.5 when one pore volume has been displaced. 
The experimental breakthrough curve which does not pass through 
C/C^ = 0.5 and pore volume = 1.0 cannot be described by 
Equation 8. Furthermore, the shape of the breakthrough curve 
for an unsaturated flow experiment is different from the shape 
described by Equation 8 (Nielsen and Biggar, 1962). Thus, 
there is a severe restriction in applying Equation 8 to soil-
water miscible displacement for unsaturated flow. 
The principal mechanisms of solute transfer in a porous 
medium is molecular diffusion and hydrodynamic dispersion. The 
mixing in a porous medium is controlled by many factors. Some 
of the variables which influence the mixing are flow velocity, 
characteristics of the porous medium, water content, fluid 
density and viscosity, and flow direction. 
Paths for fluid in a porous medium have a random size, 
shape and length. The actual average distance which molecules 
travel in a porous medium is longer than the average distance 
in the absence of the porous medium, and the molecular dif­
fusion coefficient of a porous medium is, therefore, often 
Factors Influencing the Mixing Process 
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called an apparent molecular diffusion coefficient. The ratio 
of the apparent molecular diffusion coefficient to the 
molecular diffusion coefficient is known to be about 0.6 to 0.7 
for unconsolidated porous media (Perkins and Johnston, 1963). 
The contribution of molecular diffusion or hydrodynamic disper­
sion to the mixing of fluids varies, depending on the flow 
velocity (Taylor, 1953; Saffman, 1960). At fast flow velocity, 
hydrodynamic dispersion plays an importemt role. As the flow 
velocity decreases diffusion effect becomes dominant over the 
dispersion effect. 
Day and Forsythe (1957) carried out some experiments on 
solute transfer with ion exchange resin. They concluded that 
the concentration of effluent was a function of the amount of 
fluid displaced and was independent of the flow rate. In other 
words D/v is constant (see Equation 8) and they suggested that 
D/v be considered a soil characteristic. In contrast with 
results obtained by Day and Forsythe (1957) Nielsen and Biggcor 
(1963) showed that the concentration of effluent depends 
strongly on the flow rate. The flow velocities Nielsen and 
Biggar used ranged from 56.7 cm/hr, the largest velocity, down 
to 0.122 cm/hr, the lowest velocity. In the experiments of 
Day and Forsythe, the lower velocity was 2.16 cm/hr which was 
only 2 percent of the higher velocity. Saffman (1960) derived 
a functional relationship between the hydrodynamic dispersion 
coefficient and the molecular diffusion coefficient. At very 
slow flow velocity the dispersion coefficient is almost 
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constant. At fast velocity the dispersion coefficient is 
proportional to ^ e flow velocity. Thus the concept of the 
constant D/v may be applied only to certain ranges of flow 
velocities and it cannot be generalized for all flow velocities. 
In agricultural soils, the pore size distribution is wide 
and the shape of the particles are not the same. Furthermore, 
pores in soil aggregates are interconnected. Small pores, 
found between tiny particles or pores in aggregates, act as 
sinks for tracer diffusion. When the soil column is desaturated 
to some degree, larger pores are no longer available for water 
flow because water in larger pores is easily drained. Thus, 
increasing the particle size distribution or decreasing the 
water content will result in a stagnant volume in which the 
fluids resist mixing. The area between the one pore volume 
ordinate and the breakthrough curve on its left is a relative 
measure of the stagnant volume often called "Holdback" 
(Danckwerts, 1953) or "Dead-end pore volume" (Coats and Smith, 
1964). Biggar and Nielsen (1962) conducted saturated miscible 
displacement experiments with three different aggregate sizes, 
0.25-0.5 mm, 0.5-1.0 mm and 1.0-2.0 mm from the same soil 
using an average flow velocity of 2.0 cm/hr. They found that 
as the aggregate size increased, the curves tended to lose 
their sigmoid shape and became, except near breakthrough, 
concave to the abscissa-. As the aggregate size increases, 
mixing in the column becomes less complete and the effluent 
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concentration is dominated by flow through large pores. Corey 
et al. (1967) carried out miscible displacement experiments 
similar to those by Biggar and Nielsen (1962). They investi­
gated the influence of soil type on the movement-of chloride 
and nitrate through the soil column. One of the conclusions 
of their study was that the breakthrough curves for all soils 
studied differed in shape, and the experimentally determined 
dispersion coefficients at an average flow velocity of 1.32 
2 
cm/hr varied from 0.094 cm /hr for the silt loam of Ida C 
2 horizon soil to 1.533 cm /hr for the muck soil. Nielsen and 
Biggar (1961) and Biggar and Nielsen (1962) conducted un­
saturated miscible displacement experiments with columns of 
soil, sand and glass beads. The breakthrough curves obtained 
for equal flow velocities at different water contents showed 
that as the water content decreased the breakthrough curve was 
translated to the left and the greater volume of effluent was 
required to reach a maximum C/C^ = 1.0. Their study indicated 
that breakthrough curves obtained from unsaturated soils yield 
more information regarding microscopic flow than those obtained 
from saturated soils. 
Solute concentration in soil solution does not remain the 
same with respect to space and time. Application of fertilizers, 
uptake of nutrients by plants, and water movement through the 
soil profile are some factors which cause concentration 
gradients in the soil. It is expected that the concentration 
gradients created will influence the mixing process. 
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Biggar and Nielsen (1964) examined the effect of density 
and viscosity differences of solutions on the mixing process 
in a column of glass beads. For conditions of stable flow, it 
was found that the density and viscosity differences have a 
minor influence on the mixing process when 0.01 N NaCl solution 
moving downward displaces 1 N NaCl solution. For unstable 
conditions, when 0.01 N NaCl solution displaces 0.1 N NaCl 
solution, vertically upwards, the breakthrough curve revealed 
unstable mixing. Biggar and Nielsen (1964) concluded that 
small differences in density and viscosity contribute measurably 
to the mixing during unstable flow and also concluded that such 
a mixing may be of greater significance than the diffusion that 
arises from a concentration gradient. 
Bachmat and Elrick (1970) conducted the experiments on 
the intrusion of salt solution from a reservior containing a 
fixed volume of salt solution into an underlying vertical 
column of glass beads or sand. They concluded that the mixing 
of salt solution from the reservoir with water in the column 
arise because of the onset of horizontal variations of salt 
concentration, and because of the vertical velocity component. 
Krupp and Elrick (1969) cairried out saturated miscible 
displacement experiments similar to those of Biggar and Nielsen 
(1964) but at various flow velocities ranging from 0.14 cm/hr 
to 5.5 cm/hr. They found that the density difference between 
fluids (distilled water and 0.1 N CaClg solution) was a more 
14 
significant factor in altering the mixing process in their 
saturated porous medium than the viscosity difference. 
Other than the experimental work reviewed above, most 
experimental work on stability in miscible displacement has 
been carried out in laboratories of the oil industry. Investi­
gators in the oil industry are interested in minimizing the 
displacing fluid required to recover crude oil from a porous 
medium. 
Brigham ^  (1961) carried out some experiments using 
oils of different viscosities but matched densities. The 
viscosity ratio (ratio of the viscosity of displaced fluid to 
that of the displacing flui^ of 0.998 gave stable flow and the 
ratio of 1.002 gave unstable flow. 
Hall and Geffen (1957) showed that the unstable flow 
induced by an unfavorable viscosity ratio could be stabilized 
in a long column. 
Blackwell et al. (1959) conducted experiments with columns 
of different cross-sections. They found that the length of the 
mixing zone increased with the radius of the column. 
Slobod and Hewlett (1964) carried out experiments in a 
sand column to study the effect of density differences of 
miscible fluids on the displacement process. They found that 
the mixing zone was dependent on the ratio of the viscous 
forces to the gravity forces. The transition zone length 
became very large when gravitational forces were maximized by 
15 
increasing the density difference smd residence time in the 
column if the viscosity ratio was favorable. 
Slobod and Thomas (1963) studied the effect of flow rate 
on the development of fingers induced by a viscosity ratio of 
3 using a consolidated sand plate. They found that at a slower 
flow rate of 2 cm/hr, the diffusion effect was sufficient to 
modify the finger geometry, but at the larger flow rate of 
32.5 cm/hr numerous small fingers were changed to a single 
larger finger. 
Stability of the Mixing Process 
Taylor (1950) pointed out that >rtien two fluids of dif­
ferent densities and negligible viscosities are accelerated in 
a direction normal to their interface, this interface is un­
stable if the acceleration is directed from the more dense to 
the less dense fluid. 
Saffman and Taylor (1958) showed that the interface 
between two immiscible fluids moving vertically upwards at flow 
velocity v through a medium of permeability k is unstable, if 
(Pj^ - Pu)g ± <0 [9] 
provided that Darcy's law is obeyed, where p is the density, 
U is the viscosity, g is the gravity acceleration, and the 
subscripts u and 1 refer to the upper and lower solution, 
respectively. For downward flow, the second term in inequality. 
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Equation 9 takes the negative sign. When two fluids are 
miscible, an interdiffusing or transition zone is formed rather 
than a sharp boundary, and densities and viscosities will 
change gradually through the transition zone. Furthermore, 
Equation 9 does not include a geometry factor except through 
the permeability k. Thus, the criterion of Equation 9 may be 
approximately applied to restricted cases of miscible fluids. 
Wooding (1959) studied the stability of a fluid with a 
density gradient at rest in a vertical column filled with a 
porous medium. He found that the interface is stable if the 
density gradient ^  is 
where u is the viscosity, D is the diffusivity of the solute 
through the saturated porous medium, k is the permeability of 
the porous medium, and r is the radius of the column. 
Wooding (1962) extended the analysis of the stability of 
flow. His theoretical analysis was based on perturbation 
theory. 
Dagan (1966) extended further the stability analysis to 
unsaturated flow. His analysis was also based on perturbation 
theory. He presents a parameter controlling the stability 
obtained by solving a set of flow equations. He found che 
value of the stability parameter for unsaturated flow is 
smaller than that for saturated flow, and concluded that the 
[10] 
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growth of instabilities is smaller in unsaturated flow. The 
relationship between the stability parameter X, the dimension-
less time Tf an area ACT) of the perturbed density distribution, 
and an area AGO) of the perturbed density distribution (at time 
T = 0) is given by Dagan as 
ACT} = A CO) expCXT^/Z _ x) . [11] 
By perturbed density distribution is meant a graph of Ap versus 
distance z from the interface of the two fluids where Ap is a 
measure of the departure of the density from that of the 
average value of the two fluids before they are mixed. The 
dimens ionle s s time T is given by 
T = D^t [12] 
where R equals to 1.84/r and r is the radius of a column, is 
the transverse dispersion coefficient, and t is the time. It 
is seen from Equation 11 that any disturbance vanishes if 
X < 0. For X > 0 the factor expCXT^^^) causes the growth of 
the disturbance while exp(-T) causes the damping. The time at 
which the disturbance reaches a maximum can be found by 
differentiation of Equation 11 with respect to T and setting 
the result equal to zero: 
= ACQ) i-CXT^/^ - 1) expCXT^/^ _ T) = o [13] 
T = J X^ . [14] 
18 
1 2 Thus, the disturbemce ACT) reaches its maximum at T = X and 
is equal to 
.2 
ACT)^ax = ^(0) expt\) . [15] 
If it is assumed (Wooding, 1962, p. 265) that the theory based 
on perturbation expansion is valid when a rough practical limit 
of the maximum disturbance is set equal to 10 times its initial 
disturbance, one obtains the following inequality from Equation 
15 
ACT)^^ < 10 ACO). [16] 
Thus ^2 
e^ < 10. [17] 
Solving Equation 17 for X, one obtains X 3. Explicit form 
for X is given as 
\ = , . 'Pu""»' 1 
GRCDj^D^) Î72 
[18] 
where p is the density, y is the viscosity, k is the 
permeability, g is the acceleration of gravity, q is the flow 
rate, 0 is the water content, is the longitudinal dispersion 
coefficient, is the transverse dispersion coefficient, and 
subscripts u, i, and a refer to the upper solution, the lower 
solution, and average respectively. 
When the flow direction is vertically downweurd, the "plus 
or minus" sign in Equation 18 becomes a minus sign. If X < 0, 
19 
which is the case of a fluid of higher density and viscosity 
displacing a fluid of a lower density and viscosity in an up­
ward direction, the staibility situation is obvious — certainly 
stable. When 0 < X < 3, the initial disturbance will be damped, 
due to dispersion, after the disturbance reaches its maximum. 
20 
MATERIALS AND METHODS 
Soils and Soil Preparation 
The soils, that is, the porous media, used for this study 
were a Hagener sand, a Clarion sandy clay loam, a one to one 
mixture on a dry weight basis of Clarion sandy clay loam soil 
and Clayton silica sand of 40-60 mesh, and a Clayton silica 
sand of 40-60 mesh. The percentages of san<^ silt and clay for 
the Hagener sand and Clarion sandy clay loam were respectively 
(90, 2, 8), and (56, 21, 23). The soils are described by 
Oschwald ^  (1965). The soils were from the plow layer. 
In the following, the Hagener sand will often be called Hagener; 
the Clarion sandy clay loam. Clarion; and the mixture of 
Clarion and Clayton sand. Clarion plus sand, or. Clarion + Sand, 
Air-dry soil that had been passed through a 2 mm sieve was 
treated with 1 N CaClg solution. This treatment, later 
followed by a leaching of 0.01 N CaClg, was suggested by 
Mokady et al. (1967), and by Biggar et al. (1968), and was made 
to keep the porous medium stable during the miscible displace­
ment experiments. For the calcium treatment, 4,000 grams of 
air-dry soil were packed into a plexiglass cylinder 30 cm long 
and 13 cm in diameter. Before the soil was packed, a brass 
wire screen was seated on the bottom plate of the cylinder and 
400 grams of silica sand was spread on the brass wire. Soil 
was packed on the sand bed. The top of the soil was covered 
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with thin layer of glass wool. 1 N CaClg solution was passed 
vertically upward through the soil column at a flow rate of 
100 ml/hr. Outflow calcium chloride solution was recycled 
repeatedly through the column. After two liters of the calcium 
chloride solution were passed through the soil column, the soil 
was allowed to remain overnight. The soil was washed with 
0.01 N CaClg solution until the leachate reached the concentra­
tion of the 0.01 N solution. The soil taken out of the 
cylinder was air-dried, crushed and passed through a 2 mm sieve. 
For the mixture of soil and sand, the soil was treated with the 
1 N CaClg before the mixing. The Clayton silica sand of 40-60 
mesh was used without the calcium treatment. 
Miscible Displacement Columns 
The porous medium materials were packed in plexiglass 
cylinders of 7.5 cm diameter and length 10, 20, and 30 cm. 
A miscible displacement column consisted of three major parts: 
two end plates and the soil column (Figure 1). Two end plates 
were the same. One was sealed to inflow end and the other one 
to outflow end of the column. The center of the end plate was 
excavated to give two successive circular bores of 7.42 and 
6.8 cm in diameter, and 0.5 and 0.2 cm deep respectively. In 
the larger and outer bore a fritted glass bead disc of 7.4 cm 
in dicuneter, 0.5 cm thick and of medium porosity was fitted 
(Coming Glass Works, LAB-l Catalog, 1967, Catalog No. 31001, 
Figure 1. A schematic diagram of the soil column 
A: Inflow-outflow tube, external length 2 cm 
0.3 cm i.d., 0.6 cm O.d. 
B: End plate of plexiglass 
C: Reservoir for inflow-outflow 
Di Tube for removal of air bubbles, same as 
tube A 
E: Fritted glass bead disc 
F: Machine screw 
G: Plexiglass cylinder 
H: Tensiometer bulb 
I: Rubber stopper No. 0 
J: 0.2 cm-hole for air entry and escape 
K: Pipe fitting cement 
L: Marine resin 
M; Supporting leg 
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10 M). A pipe fitting cement (Form-^A-Gasket, Permatex Co. Inc., 
Brooklyn, N.Y.) was used to fix the fritted glass beads disc to 
the end plate. The fitting cement was applied only around the 
side edge of the disc. In the inner bore, one hole at the 
center and the second hole close to the wall of the bore were 
provided to insert plexiglass tubing. The center hole was 
used for inflow or outflow and the other one was used for air 
removal. 
Holes of 1.25 cm in diameter, one at each end, were drilled 
at 2.5 cm from each end of the cylinder for installation of 
tensiometer bulbs (Corning Glass Works, LAB-1 Catalog, 1967, 
Catalog No. 39535, 10 M). The tensiometer bulbs were held in 
the drilled holes by the rubber stopper. Small holes of 0.2 cm 
in diameter were drilled every centimeter along three evenly 
spaced vertical lines on the wall of the cylinder to facilitate 
air entry and escape. For saturated flow experiments, the 
0.2 cm holes were closed with scotch tape. The cylinder was 
sealed to the end plate with marine resin (Evercoat Marine 
Resin, Fibre Glass-Evercoat Co., Inc., 6600 Cornell Road, 
Cincinnati, Ohio 45242). To secure the joint between the 
cylinder and the end plate, three machine screws were used. 
For filling the cylinders with the soil, an extension was 
fastened temporarily to the top of the cylinder with masking 
tape and machine screws. Soil was filled into the cylinder 
having a bottom plate by pouring 200 to 300 g of air-dry soil 
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sample, stirring with.a stainless steel spatula and tapping 
around the outside of the cylinder. This packing was continued 
to attain a length of soil column five centimeters longer than 
the cylinder. The cylinder extension was then removed, the soil 
above the column leveled, and the end plate attached with 
machine screws. The bulk density of the soil along the column 
was checked for homogeneity by a gamma-ray attenuation method 
(described later). If a variation in bulk density was greater 
than five percent, the soil sample was repacked. After 
acceptable packing was obtained, the top end plate was sealed 
with the marine resin. After entrapped air in the soil column 
was flushed out by introducing COg gas for two hours, the 
column was saturated with water (0.01 N CaClg solution). Since 
CO2 is highly soluble in water, the gas disappeared as water 
moved into the column and it made water saturation easier. 
Bulk Density and Water Content Determination 
of the Soil Columns 
To determine the homogeneity of packing of the soil 
columns and the water content in the soil columns, non­
destructive measuring method is required. One such non­
destructive method is based on gamma-ray attenuation. The 
method is discussed by Gardner (Black, 1965, p. 114) and 
reported by Kirkham et al. (1967) and Fritton (1969). The 
gamma-ray equipment used is that installed in the Agronomy 
Department and described by Fritton (1969). The center of the 
26 
gamma-ray beam was located for sampling at 2 cm intervals along 
the length of the column. 
Miscible Displacement Solutions 
Calcium chloride solution was used as the miscible dis­
placement fluid. Concentrations of calcium chloride solution 
were 0.01, 0.05/ 0.10 and 1.0 N. Densities and viscosities of 
the solutions were measured at 20.1®C. The densities were 
measured by the pycnometer method and the viscosities were 
measured with the Ostwald viscometer. Different concentrations 
for displacing and displaced solutions were used to produce 
density and viscosity gradients in the miscible displacement 
soil column. The calcium chloride solution was always prepared 
using the freshly boiled and cooled distilled water. Mercuric 
chloride HgClg was added to the solution at 100 parts per 
million [Allison, 1947} to retard microbial activity in the 
soil column. The displacing solution was labeled with the 
radio isotope chlorine-36. The chemical form of the isotope 
was hydrochloric acid. The isotope, in amount 200 microcurie, 
was contained in 0.52 ml hydrolic chloride solution and was 
then diluted to 50 ml with distilled water. The diluted tracer 
solution was used to label the displacing solution. The 
concentration of chlorine-36 in the displacing solution was 
either 4 microcurie per liter Cvc/lJ or 6.8 uc/1. 
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Flow Cell Scintillation Counting System 
Piez (1962) and Schram and Lonbaert (1962) describe the 
use of a flow cell for continuous recording of radiotracer in 
chromatographic effluents by inserting the flow cell in the 
flow stream. The flow cell is now commercially available with 
the other necessary counting devices. 
A flow cell scintillation counting system from Nuclear-
Chicago Corporation was employed for this study. This system 
gives a continuous graphical recording of effluent concentra­
tion, as measured by scintillation counts of radioactivity per 
minute. The cell can be used where a labeled chemical component 
of a solution is used to miscibly displace another solution in 
miscible displacement studies. 
Principle 
In the detector assembly is embedded a flow cell inside 
which anthracene crystals or other scintillators are packed. 
As radioactive effluent from the miscible displacement column 
passes through the flow cell, scintillations are produced by 
the absorption of beta particle energy. These scintillations 
are converted to amplified electrical voltage pulses by two 
multiplier phototubes facing the flow cell, and these voltage 
pulses are fed into the beta ray analyzer for further amplifica­
tion and recorded by the counting system. 
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Instrumentation and operating conditions 
The flow cell scintillation counting system consists of a 
detector (Model 6351), a beta-ray analyzer ^odel 8780), a 
count ratemeter (Model 8733) and a graphic recorder (Model 
8416) all obtainable from Nuclear-Chicago Corporation. Figure 
2 is a photograph of the system and Figure 3 gives a schematic 
diagram of the system. 
To optimize operating conditions for miscible displacement 
experiments it is necessary to select proper settings of the 
attenuator and counting window of the analyzer, and of the 
response time constant of the ratemeter. 
The attenuator and counting window should be set such that 
the counting error will be minimized. A low statistical 
counting error is obtainable by maximizing the ratio of (net 
2 
count) /background (Overman and Clark, 1960). The ratemeter 
time constant must be set so as to separate any concentration 
peaks following each other which might be occurring in the 
unstable miscible displacement. 
There are three identical channels in the analyzer of this 
system. One channel was arbitrarily chosen and was used 
throughout all the experiments. 
The photomultiplier tube voltage of this system was set 
at the factory and therefore no adjustment for high voltage was 
made. 
Figure 2. Flow cell scintillation counting system 
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Figure 3. Schematic diagram of the flow cell scintillation counting system 
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The flow cell filled with radioactive calcium chloride 
solution was placed in the detector chamber. Static total 
count rate was recorded at different settings of the attenuator. 
Following the total count, the cell was flushed with non-tracer 
calcium chloride solution and the background counting was 
determined at various attenuator settings. Due to the dif­
ficulty of recording for low count rate with the chart recorder, 
the background counting was determined by counting the number 
of the audio signals from the ratemeter. An average of three 
three-minutes background countings were taken. These recordings 
were made for integral counting as well as differential counting. 
For the integral counting, the lower level discriminator was 
set at 0.5 volts, which is the lowest setting obtainable for 
this analyzer, and the upper discriminator was open. For the 
differential counting, the lower level discriminator was set at 
0.5 volts and the upper level discriminator was set at 9.9 
volts. 
The flow cell was connected to two burettes, filled with 
a tracer calcium chloride solution and a non-tracer calcium 
chloride solution respectively, through a three-way stop cock 
using tubing described later for the flow cell. The non-
tracer solution was passed through the flow cell at a constant 
flow rate of 16 ml/hr and the chart recorder was adjusted to 
run at a speed of 6 in/hr. By switching the three-way stop 
cock, the tracer solution of 2 ml was introduced and followed 
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by non-tracer solution. The breakthrough curves were obtained 
at different ratemeter time constants. 
Flow cell 
For this study either 1 ml anthracene or 1 ml plastic 
flow cells were used. 
Connections of the flow cell to the soil column was made 
as short as possible to minimize miscible displacement in the 
tubing. The inlet tubing of the flow cell was 13 cm long. 
This tubing was supplied with the flow cell and had 0.8 mm 
inside diameter and 1.6 mm outside diameter. The end of the 
inlet tubing was connected to a 23 cm long flexible rubber 
tubing with 1.6 mm inside diameter and 4 mm outside diameter. 
The rubber tubing was put around the squeezing wheel of a 
constant-volume pump [Sigma Motor, 3 North Main Street, 
Middleport, New York, Catalog Tm-20-2). A 6 cm long tubing 
with 3 mm inside diameter and 4 mm outside diameter was plugged 
2 cm deep into the rubber tubing. This glass tubing was used 
to connect the outflow end of the soil column with the rubber 
tubing leading to the flow cell. Effluent from the miscible 
displacement column was passed through the flow cell by means 
of the constant-volume pump. 
The flow cell was originally supplied with a small filter 
consisting of a stainless steel disc, a hypodermic needle for 
filtering, and connections between the outlet of the column and 
the flow cell. The metal was corroded by mercuric chloride 
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added to the miscible displacement solution, and the resulting 
substance turned the emthracene crystals and the plastic beads 
in the flow cells to black color by which the counting 
efficiency was reduced. After corrosion was found, the use of 
metal was discontinued to make connections between the flow 
cell and the column. 
The flow cell was tested with calcium chloride solution 
and soil solution to determine the effect of calcium chloride 
or soluble materials in the soil solution on counting 
efficiency. The tested concentrations were 0.01, 0.05, 0.10 
a n d  1 . 0  N  f o r  c a l c i u m  c h l o r i d e  e m d  1  :  1 0 ,  1 : 1  a n d  1 : 0  
dilution for the soil solution. The soil solution was obtained 
by collecting the first 1,000 ml of leachate from the Clarion 
soil column when it was saturated with 0.01 N CaClg solution. 
These solutions were labeled with chlorine-36 to give 4 yc/1. 
Following the same procedure for the selection of the ratemeter 
time constant, peak area curve for each sample solution was 
obtained. The rate meter time was set to 10 seconds. The peak 
area was measured using the method described in the manual 
(Nuclear-Chicago Corporation, 1966). Using the measured peak 
area as total count rate, the efficiency of the flow cell for 
chlorine-36 was calculated from the following equation (Piez, 
1962): 
E = X 100 [19] 
where E is the counting efficiency in percent, R is the flow 
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rate Cml/minî , A Is the radioactivity (dpn), V is the fluid 
volume of the flow cell and is the total count rate 
determined by measuring the peak area. 
The flow cell was also checked to see if the mixing in the 
flow cell and tubing would change the characteristics of the 
breakthrough curve of the miscible displacement in the soil 
column. To do this the experimental set-up without the soil 
column was used to obtain a breakthrough curve for the displace­
ment of two solutions in the flow cell. Tracer solution was 
introduced to displace the non-tracer solution in the flow cell 
using a flow rate of 42 ml/hr. 
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EXPERIMENTAL PROCEDURE 
Miscible displacement experiments were conducted to study 
the mixing process of solutions of different densities and 
viscosities in soil column. In miscible displacement experi­
ments, a tracer solution was introduced at one end of the 
column to displace the second solution at a constant flow rate. 
Miscible displacements were made vertically upward or downward 
both for saturated and unsaturated flow. The experiments were 
performed in a constant temperature room with the temperature 
controlled at 20.5 + 0.5"C. For unsaturated flow experiments, 
the miscible displacements were made vertically downward. 
Calcium chloride solutions of different concentrations 
were used to produce the density and viscosity gradients. 
Displacing solutions were labeled with the radioactive isotope 
chlorine-36. Solution leaving the miscible displacement column 
was passed through the flow cell of the scintillation counting 
system. A breakthrough curve was obtained with the flow cell 
scintillation counting system. The flow cell scintillation 
system detects, counts (rate counting) and records continuously 
(graphic recording) the concentration of the tracer in the out­
flow. The recorded curve is itself a breakthrough curve and it 
shows change in the tracer concentration of outflow measured at 
the outflow end of the column with time. For convenience, 
however, a new curve was drawn from the recorded curve by 
plotting the concentration versus pore volume. The 
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concentration is presented, as a ratio of height of the recorded 
CTirve at a given time to a height corresponding to an initial 
concentration of solution entering the column (C/C^). Pore 
volume is calculated from the following relation: 
pore volume = ^  t [20] 
where v is the average flow velocity Ccm/hr), L is the column 
length (cm), t is the time (hours) which is the elapsed time 
after the displacing solution is introduced into the column. 
The time t was read from the recorded curve of a constant speed 
chart recorder. The plot of C/C^ versus pore volume will be 
called a breakthrough curve hereafter. 
The experimental set-up for miscible displacement experi­
ments is shown in Figure 4. The schematic diagram of the 
experimental set-up is shown in Figure 5. The inlet end of the 
miscible displacement column had a three-way cock through which 
the column was connected to a source of input solution. Two 
burettes of 100 ml and one mariotte bottle of 1,000 ml were 
arranged for each input of non-tracer and of tracer solution. 
All the necessary connections were made using tygon tubing of 
0.6 mm inside diameter. The outlet end of the column was 
connected to the flow cell through a constant-volume pump. The 
burette was used to determine the flow rate. While one 
burette was being filled with solution from the mariotte bottle, 
the other burette was used to supply the solution to the column. 
Figure 4. Experimental set-up for miscible displacement experiments 
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Figure 5, Schematic diagram of the experimental set-up for miscible displacement 
experiments 
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After the flow rate was determined, the mariotte bottle was 
lowered and the bubbler of the mariotte bottle was aligned with 
the bubbler of the burette to supply the input solution from 
the mariotte bottle for prolonged times. The flow rate was 
controlled by adjusting the speed of the constant-volume pump. 
After a steady-state flow condition was indicated by water 
manometers attached to each end of the column, tracer solution 
was introduced to displace the solution in the column. The 
three-way stop cock was used to switch from non-tracer solution 
to tracer solution or vice versa without disturbing the 
established steady-state condition. 
After saturated flow experiments were completed, the 
inflow head was lowered down to the level of the lower end of 
the column to desaturate the column. Air was allowed to enter 
the column by opening the predrilled holes on the wall of the 
column. The height of inflow head as well as speed of the 
constant-volume pump was adjusted to obtain the same tension 
throughout the column. For unsaturated flow experiments, extra 
manometers were needed since the tensionmeter bulb H in Figure 
4 responded very slowly to the tension. The new extra mano­
meters were installed to measure tension at each end plate of 
the column. The tube D in Figure 4 was used to connect the 
manometer to the end plates of the column. Xt was assumed that 
the tension was the same throughout the column when the two 
new manometers indicated the same tension. The water content 
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profile of the unsaturated column was checked for uniformity by 
the gamma-ray attenuation method. 
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RESULTS AND DISCUSSION 
Flow Cell Scintillation Counting System 
One way to study experimentally the mixing process in a 
miscible displacement column is to plot the concentration of 
effluent collected at the outlet of the column against the 
injected volume of the displacing solution and to analyze the 
resulting curve called a breakthrough curve. A fraction 
collector is commonly used to collect the effluent, increment 
by increment, (Corey et , 1967; Elrick et , 1966; 
Krupp and Elrick, 1968). For the experiments reported in this 
thesis, however, a flow cell scintillation counting system was 
employed to obtain breakthrough curves. The counting system 
obviates the fraction collector and any further sample 
preparation to analyze the outflow concentration. The system 
records the concentration of outflow when the miscible dis­
placement experiment is running. This section is provided to 
show and discuss some characteristics and optimum operating 
conditions found of the flow cell scintillation counting system 
with regard to miscible displacement experiments. 
Operating conditions 
Figure 6 shows count rate recorded with a 1 ml anthracene 
flow cell at various attenuator settings from A through H and 
with differential counting of the lower level discriminator set 
at 0.5 volts and the upper discriminator set at 9.9 volts. 
Figure 6. The attenuator setting and count rate with 1 ml anthracene flow cell 
Alphabetic letters refer to attenuator settings, and figures in 
parentheses refer to the background counting in counts per minute (cpm). 
The recording was made as follows: Counting is differential, 
ratemeter range was 0 to 10,000 cpm, ratemeter time constant was 
20 sec., and chart speed was 6 in/hr. 
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The count rate is shown as an arbitrary unit. The arbitrary 
unit 5.0 corresponds to 10,000 counts per minute (cpm). The 
count rate increased up to 2.4 units at G and then dropped down 
to 2.2 units at H. Although the highest background countings 
were recorded at attenuator setting A and B, and the lowest 
background counting at attenuator setting H, the differences in 
background counting were small compared with the total count 
rate. 
Figure 7 shows count rate recorded with the same flow cell 
for Figure 6 but with the integral counting of the lower level 
discriminator setting at 0.5 volts and no upper discriminator. 
Count rates at A and B were highest at 2.7 units and decreased 
as the attenuator setting moved to H. The background counting 
showed a tendency to follow the total count rate. 
Figure 8 shows the count rate obtained with a 4 ml plastic 
flow cell at different attenuator settings with the differential 
counting of the lower level discriminator set at 0.5 volts and 
the upper level discriminator set at 9.9 volts. Count rate 
increased as the attenuator moved from A to E thereafter 
decreased. There was little difference in the background 
counting between A and E. The background countings were lower 
at other attenuator settings. 
Figure 9 shows the count rate obtained with the same flow 
cell used for Figure 8 but with the integral counting of the 
lower level discriminator at 0.5 volts and no upper 
Figure 7. Same as Figure 6 but counting as integral 
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discriminator. Although the attenuator setting A and B showed 
the highest count rates 2.18 units, there was little difference 
up to E. From E to H, however, count rate decreased with great 
rate of change down to 1.2 units at H. The background counting 
followed same tendency as count rate with the highest back­
ground counting at A and B, and the lowest background counting 
at H. 
From Figure 6 and 7, it is seen that when the attenuator 
was set at G or H there is no difference in counting efficiency 
with the anthracene flow cell between differential and integral 
counting. As the attenuator moves from F to A, the counting 
efficiency decreased markedly in differential counting. The 
same tendency is seen from Figure 8 and 9 with the plastic flow 
cell. However, the peak of differential counting with the 
plastic flow cell moved to E and the counting efficiency with 
differential counting from E to H is the same as that with 
integral counting at corresponding attenuator settings. The 
different locations of the peak for the anthracene flow cell 
and for the plastic flow cell results from a different spectrum 
of the scintillations produced by the anthracene flow cell and 
the plastic flow cell. Higher background countings with the 
plastic flow were mainly a result of the large cell volume of 
the cell. The difference in count rate between differential 
and integral counting is understood in terms of attenuator 
setting and discriminator setting (Nuclear-Chicago, 1967). In 
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differential counting, the small pulses are driven out of the 
lower discriminator window as the voltage is decreased i.e., 
as the attenuation is increased, and the larger pulses exceed 
the level of the upper discriminator as the attenuation 
decreases which results in again low efficiency. Background 
counting was higher in integral counting than that in differ­
ential counting with the anthracene flow cell or plastic flow 
cell regardless of the attenuator setting. This level of the 
background counting is negligible compared with the total count 
rate. The highest count rate of differential counting was 
little lower than the highest count rate of integral counting. 
2 The ratio (cpm) /background was maximal with attenuator A or B 
and no upper discriminator. 
Figure 10 presents breakthrough curves obtained for 
different response time constants of the ratemeter. The 
greater fluctuations were observed with a short time constant. 
Even with the time constant of 10 seconds, the curve was still 
not very smooth for higher count rate. The curve obtained with 
the longest time constant 50 seconds showed smooth over whole 
range of count rate. Unlike static counting, the counting 
error cannot be minimized by counting for longer time. If the 
longer time constant is used, concentration peaks following 
each other may not be separated on the recorded curve. On the 
other hand, with a short time constant it will be difficult to 
read a tracer concentration at a given time. It was suggested 
Figure 10. Breakthrough curves recorded at different time 
constant settings of the ratemeter 
The chart recorder speed is 6 in/hr. 
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that 20 seconds is the appropriate time constant for the 
miscible displacement experiments. 
Flow cell counting efficiency and characteristics 
Table 1 shows the counting efficiency of the flow cell 
for chloride-36 in various concentrations of CaClg or soil 
solution. The calculation of the counting efficiency was based 
on the assumption that the commercial chloride-36 samples were 
correctly labeled as to activity, and on the fluid volume of 
the flow cell specified by the manufacturer. The efficiency 
of the anthracene flow cell was higher than that of the plastic 
flow cell. Identical counting efficiency were obtained in all 
concentrations used of CaClg or soil solution with each flow 
cell indicating the absence of any effect of solute concentra­
tion or soluble materials. It can be assumed that the count 
rate is directly proportional to absolute activity and hence 
to the concentration of the displacing solution, in the miscible 
displacement experiments. 
Figure 11 shows two curves obtained to look for any mixing 
in the tubing connections and in the flow cell. The time at 
which a tracer calcium chloride solution was introduced is 
shown as an arrow mark on the base line. The arrow marks on 
the top left of the curves show the time at which non-tracer 
solution was introduced to displace the tracer solution. The 
curve on the right hand side in the figure was recorded when 
the displacement between calcium chloride solutions of the 
Table 1. Flow cell efficiency, Equation 19 
Flow cell Sample Concentration Efficiency(%) a 
1 ml anthracene CaClg solution 0.01 N 79.9 0.58 
0.10 N 79.3 1.41 
1.00 N 78.0 1.97 
Soil solution 1 : 10 dilution 79.9 1.92 
1 : 1 79.1 1.37 
1 : 0 80.9 0.33 
1 ml plastic CaClg solution 0.01 N 51.6 1.58 
0.05 N 51.5 1.92 
0.10 N 52.6 1.13 
Figure 11. Flow cell characteristics of a 1 ml anthracene flow cell 
The flow rate was 42 ml/hr. The ratemeter range was 0 to 
10,000 cpm (counts per minute) and the concentration of 
tracer was 4 uc/1. The chart should be read from right 
to left. 

63 
same concentration 0.01 N was made. The curve on the left hand 
side was obtained when the displacement between 0.01 N and 
1 N CaClg was made. No difference in shape could be seen 
between two curves indicating no interaction induced by a con­
centration difference. The tracer broke through in 1.4 minutes 
and the curve reached its peak in 5.3 minutes after the tracer 
was introduced. It is apparent that the flow cell filled and 
flushed with little mixing. The volume of a solution passed 
through the cell for 6.7 (1.4 + 5.3j minutes is 4.7 ml which is 
equivalent to 4.7 cell volumes if it is assumed that the fluid 
volume is 1 ml. The 6.7 minutes delay in reaching the real 
count rate includes the delay of the ratemeter. The time delay 
of the ratemeter by setting the ratemeter time constant at 20 
seconds can be found from the following formula (Overman and 
Clark, p. 123, 1960); 
tss = RCE0.394 + J In 2R(RC)] [21] 
where t^^ is the time (min) required to reach a steady-state 
count rate, EC is the ratemeter time constant used, and R is 
the steady-state count rate. The steady-state count rate is 
3.7 units which is equivalent to 7,400 cpm. Thus, the time 
required to reach the steady-state count rate when the initial 
count rate is zero and the steady-state count rate is 7,400 cpm 
is found to be 1.56 minutes. If a longer ratemeter time 
constant was used, the delay time would increase. Whether or 
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not the delay in reaching the real concentration of the outflow 
coming through the soil miscible displacement column stems from 
the ratemeter or from the mixing in the flow cell, it will be 
nil in regard to the large soil column. 
Physical properties of soil columns 
Table 2 shows some physical properties of the soil columns 
used in the experiments reported in this thesis. The columns 
were either 10, 20 or 30 cm long. Values are given for the 
porosity, water content C0) and the hydraulic conductivity (K). 
Total porosity of a soil column was calculated from the weight 
of soil packed and the volume of the container. The water 
content for a Hagener column and Clarion column is the 
saturated water content. For the column of sand and the column 
of Clarion plus sand, the unsaturated water content, as well as 
the saturated water content is given. The saturated hydraulic 
conductivity ranged from 1.16 to 214.07 cm/hr. The hydraulic 
conductivities of Hagener soil columns were 30.7, 32.9 and 
32.7 cm/hr for the 10, 20 and 30 cm columns respectively. These 
nearly equal hydraulic conductivity values show that the three 
columns were packed essentially the same. The hydraulic 
conductivity of the sand column decreased markedly when the 
column was desaturated. The water content of the sand column 
is also very low. The hydraulic conductivity and water content 
were determined when the steady-state condition was established 
under a tension. For the column of Clarion plus sand, the 
65 
Table 2. Physical properties of soil columns 
Soil column Porosity 
(cm^/cm^) 
0 
(cm^/cm^) 
K 
(cm/h) 
10 cm Hagener 0.437 0.437 30.7 
20 cm Hagener 0.437 0.437 32.9 
30 cm Hagener 0.437 0.437 32.7 
Clarion 0.467 0.467 1.16 
Sand 0.352 0.352 214.07 
0.097 3.30 
Clarion+sand 0.397 0.397 3.53 
0.375 3.01 
0.355 2.67 
difference in the water content or the hydraulic conductivity 
between the saturated column and unsaturated column is 
relatively small. It is to be recalled that the sand column 
was packed with sand of 40 to 60 mesh. It is seen that most 
of the pores in the sand column were large and drained readily 
by the applied tension. The hydraulic conductivity of the 
Clarion soil increased by mixing it with sand but the conduc­
tivity stayed far below that of the saturated sand column. 
Figure 12 shows change in hydraulic conductivity of a 
Clarion column measured for a period covering four months. 
Figure 12. Hydraulic conductivity of Clarion soil measured with 0.01 N CaClg 
solution; the column as for columns in this work received 
100 ppm of mercuric chloride to prevent bacterial growth 
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The first measurement was made right after the column was 
saturated. The second day, the hydraulic conductivity 
increased and stayed at high level for 10 days. After one 
month, the hydraulic conductivity was lower than that measured 
during the first 10 days, but higher than the first day measure­
ment. Furthermore, the hydraulic conductivity at 130 days was 
not different from that measured at 30 days. The rather 
constant hydraulic conductivity achieved is probably due to 
the CaClg and SgClg treatments. 
Miscible Displacements 
Experiments with Hagener soil 
Figures 13 through 18 present the results obtained with 
the 10, 20, and 30 cm long columns of Hagener soil under 
saturated flow. Miscible displacement runs for these three 
columns were made at almost equal flow velocities ranging from 
2.03 to 2.35 cm/hr. The velocities were intended to be the 
same. 
Figure 13 shows two breakthrough curves obtained with the 
10 cm long column of Hagener. The symbol on the axis of 
ordinates denotes the maximum tracer concentration and corre­
sponds to the concentration of the displacing solution before 
it enters the miscible displacement column. The symbol C on 
the same axis denotes the tracer concentration found in the 
solution (effluent) when it leaves the column. When C/C^ 
Figure 13. Chlorine-36 breakthrough curves for displacing solution in vertical 
flow direction through the 10 cm long column of the Hagener soil 
The average flow velocities were 2.17 cm/hr for downward flow and 
2.03 cm/hr for upward flow. Each curve represents a 10 hr run. 
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reaches 1.0, the displacement is complete. Downward and up­
ward flow directions are noted on the figure. For the down­
ward displacement, the displacing and displaced solutions were 
the same 0.01 N CaClg solutions except that the displacing 
solution was tagged and the displaced solution was not. There 
is actually no density or viscosity differences between these 
two solutions. For the upward displacement, the lighter 
solution 0.01 N CaClg having lower density and viscosity was 
displaced by the solution 0.1 N CaClg having larger density and 
viscosity. Both displacements are favorable for stable flow. 
The two curves lie on each other thus, no effect of the dif­
ference in concentration on the displacement is seen when the 
denser solution displaced the lighter solution vertically 
upward. It is recalled that the number of pore volumes dis­
placed is equal to 1.0 when the volume of the displacing 
solution and effluent amounts to the volume of fluid retained 
in the column. The breakthrough curves pass through the point 
C/C^ = 0.5 and pore volume = 1.0. The tracer concentration 
starts to increase at pore volume.0.65 and reaches its maximum 
at pore volume 1.35. 
Figure 14 presents breakthrough curves obtained under the 
same experimental conditions of Figure 13 except that the 
column is 20 cm long rather than 10. The breakthrough curves 
pass the point C/C^ = 0.5 and pore volume 1.0. Although two 
breakthrough curves cover the range of pore volumes, 0.7 to 
Figure 14. Same as Figure 13 but through the 20 cm long column of Hagener soil 
The average flow velocities were 2.33 cm/hr for downward flow and 
2.27 cm/hr for upward flow. 
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1.2, their shapes are not the same and the breakthrough curves 
are separated. The breakthrough curve for the downward dis­
placement made between identical solutions of 0.01 N is not as 
smooth as that for 0.1 N solution displacing 0.01 N solution 
in the upward flow direction. 
Figure 15 presents breakthrough curves obtained with the 
30 cm column under the same experimental conditions for the 10 
and 20 cm columns of Figures 13 and 14. The results are 
similar to those obtained with the 20 cm column. However, the 
area between two curves for the 30 cm column is increased. The 
breakthrough curve for 0.1 N solution is steeper than any of 
previous two curves for the 10 and 20 cm columns. 
Figures 13, 14 and 15 may be considered together. As 
expected, the breakthrough curves for 0.1 N solution displacing 
0.01 N solution upward show stable flow. It is striking that 
the breakthrough curves for 0.01 N solution displacing the same 
solution (except tagging) in downward flow direction through 
the 20 and 30 cm columns are not smooth inspite of no differ­
ence in the concentration between two solutions. Furthermore, 
the curve for the displacement between the same solutions with 
the 30 cm column is more separated from the curve for 0.1 N 
solution than with the 20 cm column. It shows that non-uniform 
interface between displacing and displaced solutions of the 
same concentration was formed for some reason, and the uneven 
front propagated. The upward displacement of 0.01 N solution 
Figure 15. Same as Figure 13 but through the 30 cm long column of the Hagener soil 
The average flow velocities were 2.35 cm/hr for downward flow and 
2.29 cm/hr for upward flow. 
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by 0.1 N solution is more favorable situation for the stable 
flow than the displacement made between the same solutions 
because 0.1 N solution tends to stay below the 0.01 N solution 
due to the gravity force. 
Figures 13 through 15 were for stable flow. Figures 16 
through 18, next considered, show unstable flow. A few points 
on stability are recalled. When a denser solution displaces a 
lighter solution vertically downward, the density of the 
displacing solution will produce unstable flow while the 
viscosity of the denser solution will favor stable flow due to 
the matrix resistance. To investigate the concentration effects 
on the mixing process in the downward flow direction, experi­
ments were conducted with columns of different length and it is 
results from those columns that shown in Figures 16 through 18. 
Figure 16 presents breakthrough curves for solutions of 
different concentrations 0.01, 0.05 and 0.10 N solution dis­
placing a common solution 0.01 N solution vertically downward 
through the 10 cm column. The situations are unfavorable for 
stable displacement. The open circles for comparison, were 
redrawn from Figure 13. In Figure 16, when the denser solution 
was above the lighter solution the breakthrough curves show 
irregularity, a clockwise rotation and an earlier breakthrough 
as the concentration increases. As the concentration increases 
there is a delay in complete displacement (approach to C/C^=l}. 
The first breakthrough for 0.1 N solution appears when less 
Figure 16. Chlorine-36 breakthrough curves for CaClg solutions of different 
concentrations displacing a common 0.01 N CaClg solution vertically 
downward through the same 10 cm long column of the Hagener soil used 
to obtain the results presented in Figure 13 
The breakthrough curve for 0.01 N was regraphed from Figure 13. The 
average flow velocities were 2.17 cm/hr for 0.01 N, 2.04 cm/hr for 
0.05 N and 2.05 cm/hr for 0.10 N respectively. 
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than 0.6 pore volumes have been passed through the column. It 
requires 1.5 pore volumes to complete the displacement for 0.1 
N solution. 
Figure 17 shows results obtained with the 20 cm column for 
unstable flow conditions. The breakthrough curves show unstable 
flow and the concentration effects are manifested. The break­
through curve for 0.1 N solution lies between pore volume 0.6 
and 1.4. 
Figure 18 presents breakthrough curves obtained with the 
30 cm column for unstable flow conditions. The concentration 
effects are clear. As the concentration of the displacing 
solution increases, the breakthrough curve rotates in the clock­
wise direction. The breakthrough curve for 0.1 solution covers 
a pore volume range, 0.65 to 1.35. 
It is seen from Figures 16 through 18 that the break­
through curve is irregular in shape and has an overall less 
steep slope when the denser solution is above the lighter 
solution and displaces the lighter solution. Instabilities 
were observed in the 10, 20 and 30 cm columns. The column 
length used did not result in stabilized flow. 
A large density of displacing fluid is a favorable factor 
for unstable flow when the flow is downward and a large 
viscosity of displacing fluid is favorable for stable flow. 
Table 3 shows densities and viscosities as measured at 20.1 C 
for a number of concentrations of CaClg solutions. The density 
Figure 17. Same as Figure 16 but through the same 20 cm long column of the Hagener 
soil used to obtain the results presented in Figure 14 
The breakthrough curve for 0.01 N was regraphed from Figure 14, The 
average flow velocities were 2.33 cm/hr for 0.01 N, 2.21 cm/hr for 
0.05 N, and 2.22 cm/hr for 0.10 N, respectively. 
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Figure 18. Same as Figure 16 but through the same 30 cm long column of the Hagener 
soil used to obtain the results presented in Figure 15 
The breakthrough curve for 0.01 N was regraphed from Figure 15. The 
average flow velocities were 2,35 cm/hr for 0.01 N, 2.33 cm/hr for 
0.05 N, and 2.31 cm/hr for 0.10 N respectively. 
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Table 3. Density and viscosity of CaClg solution at 20.1 o c 
Concentration Density Viscosity 
(N) Cg/cm ) ratio (centipoises) ratio 
0.01 0.999 1.000 1.003 1.000 
0.05 1.001 1.002 1.005 1.002 
0.10 1.003 1.004 1.015 1.012 
1.00 1.045 1.046 1.152 1.149 
differences between 0.01 N and 0.05 N, and 0.01 N and 0.10 N 
are 2 x 10 ^ and 4 x 10 ^ g/cm^ respectively. The viscosity 
differences between 0.01 N and 0.05 N, and 0.01 N and 0.10 N 
are 2 x 10~^ and 12 x 10~^ centipoises respectively. In 
Figures 16 through 18, the viscosity differences did not play 
a significant role to stabilize the unstable flow and the 
density effect was dominant over the viscosity effect. The 
permeability k. Equation 18, is a factor in stable or unstable 
flow. The unstable flow, in Figures 16 through 18 for the 
Hagener, was considered to be due to high permeability of the 
Hagener column. Permeability k and hydraulic conductivity K 
are linearly related by K = kpg/y. In Table 2, K for the 
Hagener soil column has been given as 30 to 32 cm/hr. 
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Experiments with Clarion soil 
Three figures will now be presented that show the experi­
mental results obtained with the 20 cm long column of Clarion 
soil under saturated flow. The soil has a finer texture than 
the Hagener soil and the hydraulic conductivity of the Clarion 
was determined as 1.16 cm/hr (Table 2), which is about 1/37 of 
the conductivity of the Hagener soil column. 
Figure 19 presents the breakthrough curve when three 
different concentrations displace a common 0.01 N solution in 
vertically downward flow, in the 20 cm Clarion soil column. 
For the three concentrations, the flow velocities were approxi­
mately 1.8 cm/hr. All three curves lie one on another, showing 
thus no concentration effect. Furthermore, the shape of the 
cxarves are smooth and no flow instability is seen, even when 
the denser solution is above the lighter solution. The break­
through curves are steep and cover the range of pore volumes 
0.8 to 1.2. The steepness of the curves show little mixing. 
The flow approaches piston like flow which would be indicated 
by a vertical line at pore volume one. 
Upward flow was also investigated for the Clarion, and 
three runs are shown in Figure 20. The breakthrough curves 
are those obtained when a common 0.01 N solution displaced 
denser solutions 0.05, 0.10 and 1.0 N solution in the 
vertically upward flow direction. The column is the same as 
that used for the downward experiments. The flow velocities 
Figure 19. Chlorine-36 breakthrough curves for CaClg solutions of different 
concentrations displacing a common 0.01 N CaClg solution vertically 
downward through the 30 cm long column of the Clarion soil 
The average flow velocities were 1.84 cm/hr for 0.01 N, 1.81 cm/hr 
for 0.05 N, and 1.84 cm/hr for 0.10 N. 
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displacing CaClg solutions of different concentrations vertically 
upward through the same 30 cm long column of the Clarion soil used 
to obtain the results presented in Figure 19 
The average flow velocities displacing 0.05 N, 0.10 N and 1.0 N were 
1.79 cm/hr, 1.80 cm/hr and 1.78 cm/hr, respectively. 
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are approximately 1.8 cm/hr. All three curves in Figure 20 
are smooth and no instabilities are seen. The difference in 
concentrations between the displacing and displaced solutions 
did not induce unstable flow in the Clarion column. However, 
it should be noted that the curves are rotated in the clockwise 
direction as the concentration of the displaced solution 
increases. The lighter (tagged and measured) upward moving 
CaCl2 breaks through quicker when heavier CaCl2 lies on top, 
as would be expected physically. Unlike the downward flow 
experiments of the preceding figure, the concentration effect 
is observed for the upward flow experiments. As the concentra­
tion increases, the displacing solution appears earlier. When 
a denser solution is above a lighter solution and the displace­
ment is made, upward, density and viscosity of the denser 
solution act both against the upward flow. The coupled 
effects of density and viscosity of the denser solution 
apparently are responsible for the earlier breakthrough of the 
light 0.01 N solution. 
In Figure 21 the viscosity effect is more apparent. In 
this figure, for the open circles, heavy solution below light 
solution moves upward; and for the solid circles, light 
solution moves downward into heavier solution, at the same flow 
velocity 1.84 cm/hr. Earlier breakthrough of the lighter 
solution moving downward into the heavy solution apparently 
occurs because of the high viscosity of the displaced solution; 
Figure 21. Chlorine-36 breakthrough curves for 0.1 N CaClg solution displacing 
0.01 N CaClg solution vertically upward and for 0.01 N CaClg solution 
displacing 0.1 n CaClg solution vertically downward through the same 
30 cm long column of the Clarion soil used to obtain the results 
presented in Figures 19 and 20 
The average flow velocities were identical and 1.84 cm/hr. 
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that is, the more viscous 0.1 N solution tends to stay behind, 
which means also more mixing of the two solutions than if 
there were no difference in viscosities between the two 
solutions. 
Experiments with Clayton sand 
By showing the breakthrough curves obtained with two 
different types of soil, Hagener and Clarion, the effects of 
density, viscosity suid flow direction on the mixing process 
have been seen. The Hagener had rather high hydraulic 
conductivity and the Clarion had a low hydraulic conductivity. 
Hydraulic conductivity K = k g involves both density p and 
viscosity y and so can influence the shape of a breakthrough 
curve. K also involves the permeability k which is a measure 
of the tortuosity which can also influence the shape of the 
breakthrough curve. If the permeability is the influencing 
factor to control the shape of the breakthrough curves, this 
can be verified with one column by changing water content in 
the column, because the change of the water content will 
change the flow path and will not change the density and 
viscosity of the fluid. To make this test, a series of 
miscible displacements were conducted for saturated and un­
saturated experiments. The unsaturated experiments were 
conducted after a series of saturated experiments were 
completed. For the unsaturated experiments, the column was 
desaturated by applying a tension of 20 cm of water to the 
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inflow and outflow ends of the column. The predrilled holes 
in the column walls were then opened to the atmosphere and left 
open during the unsaturated runs. The physical properties of 
the columns, namely, porosity, saturated water content and 
unsaturated water content are shown in Figure 22. 
Figure 23 presents breakthrough curves obtained with the 
saturated 20 cm long sand column of Clayton sand. The dis­
placements were made under unfavorable conditions for stable 
flow. A breakthrough curve for stable flow (open circles) is 
also shown. All the breakthrough curves were obtained for 
downward flow. For the stable flow condition which was made 
between the same solutions of 0.01 N, the breakthrough curve 
is smooth and steep, showing little mixing. The open circles 
for the stcible flow cover only the range of pore volumes about 
0.9 to 1.1. For the unstable cases, when the concentration of 
the displacing solution is larger than that of the displaced 
solution, the instabilities are clearly manifested by the 
irregularities of the breakthrough cxarve and scattered points 
on the curves. The breakthrough curve for the highest con­
centration 1 N shows the first breakthrough at only 0.2 pore 
volumes and sharp increase in C/C^ up to 0.8, followed by 
little increase with pore volume after pore volumes 0.5. The 
inefficient displacement (lack of attaining C/C^ = 1) between 
1.0 N and 0.01 N solution results from prolonged mixing of 
1.0 N solution with 0.01 solution. 
Figure 22. Porosity, saturated water content and 
unsaturated water content profile of the 20 cm 
long column 
The tension at the inflow and outflow ends of 
the unsaturated column was 20 cm. 
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Figure 23. Chlorine-36 breakthrough curves for CaClg solutions of different 
concentrations displacing a common 0.01 N CaClg solution vertically 
downward through 20 cm column of sand (40-60 mesh) at the same 
average flow velocity, 2.35 cm/hr. 
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More can be said about the inefficient displacement. The 
inefficient displacement made by the heavier solution suggests 
that this heavier solution bypassed the residence solution 
which would have been displaced if the concentration of the 
displacing solution was comparable with that of the displaced 
solution. The small increase above C/C^ = 0.8 in C/C^ with 
pore volume for the displacement made with 1 N solution results 
from the fact that the 0,01 N solution being displaced remains 
spread widely in the column. It is unknown whether the two 
solutions are mixed uniformly in the column. It would be 
expected, however, that if a lighter solution is introduced 
into the column to displace the mixed solution, the resulting 
curve of C/C^ versus pore volume would give information on the 
mixed solution in the column, and at 1.9 pore volume value of 
the abscissa of Figure 23 there was introduced untagged 0.01 N 
solution into the top of the column. The C/C^ versus pore 
volume curve that resulted for the tagged 1.0 N solution 
that had not been displaced from the column is shown (except 
for the pore volumes between 0.0 and 0.1) in the next figure 
(Figure 24). 
Figure 24 gives the curve obtained with the Clayton sand 
when the untagged 0.01 N solution displaces the mixed solution 
left in the column of Figure 23 from the incomplete displace­
ment in the preceding experiment of that figure for the 1 N 
solution. In Figure 24, C/C^ is now a ratio of effluent 
Figure 24. C/C^ versus pore volume curve 
This curve is not conventional breakthrough 
curve. C/CQ is a ratio of chlorine-36 
concentration of effluent to that of 1.0 N 
solution at the beginning of the experiment 
of Figure 23. 
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concentration of chlorine-36 to that of the original 1 N 
solution at the beginning of the experiment of Figure 23. Thus, 
the maximum relative concentration C/C^ is less than unity. 
The mixed solution was displaced by the lighter solution 0.01 N 
in downward flow direction, which is favorable for stable flow. 
However, the curve is not smooth. The irregular shape 
certainly reveals that the solution left in the column when the 
1 N solution displaced 0.01 N solution was not mixed uniformly 
in the column. Furthermore, the curve of Figure 24 covers a 
wider range of pore volumes 0.1 to 1.3 before the original (of 
Figure 23) 1 N tagged CaClg is completely displaced by the 
0.01 N untagged, downward moving CaClg. The wide range of pore 
volumes 0.5 to 1.4 for the decreasing range of C/C^ in Figure 
24 should be compared with the narrow range of pore volumes, 
0.9 to 1.1, covering the breakthrough curve for stable flow 
(open circles} in Figure 23. 
It is suggested that the slowness of the removal of the 
tagged 1 N CaClg by the downward moving lighter untagged 0.01 N 
CaCl2 in this Clayton sand is a consequence of the 0.01 N 
CaClg moving into the pores of less dense and less viscous 
0.01 N solution of the original column (of Figure 23) rather 
than moving into pores containing the more viscous and more 
dense tagged CaClg of the original 1 N solution (of Figure 23). 
Figure 25 presents the Clayton sand (40-60 mesh) break­
through curves for unsaturated flow displacements. Three 
Figure 25. Chlorine-36 breakthrough curves for CaClg solutions of different 
concentrations displacing a common 0.01 N CaClg solution vertically 
downward through the same 20 cm long column of sand used to obtain 
the results presented in Figures 22 and 23 but unsaturated 
3 3 The water content was 0.097 (cm /cm ) and the soil-moisture-tension 
at the inflow and outflow ends of the column was 20 cm. 
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breakthrough curves were obtained. These were for solutions 
of three different concentrations 0.01, 0.1 and 1.0 N dis­
placing the common 0.01 N solution vertically downward. 
Although three curves were obtained with the solutions of 
different concentrations, they are actually the same in shape 
and no concentration effect is» seen. It is noted that the 
displacements appear stable despite the apparently (heavier 
solution on top) unfavorable conditions for stable flow. 
The breakthrough curves of the saturated flow experiments 
with Clayton sand. Figure 23, may now be compared with the 
breakthrough curves of the unsaturated flow experiments with 
the Clayton sand. Figure 25. In the saturated flow. Figure 23, 
the displacements were unstable when the heavier solution 
displaced the lighter solution vertically downward, and the 
influencing factor for the unstable flow was the density dif­
ferences between the two solutions. However, when the water 
content of the column was decreased (Figure 25) the density 
increase of the denser solution above the lighter solution did 
not cause instability as is apparent from the Figure 25. For 
Figure 25, by desaturation, as shown in Table 2, the water 
content of the column in its preparation for the run decreased 
3 3 from 0.352 to 0.097 cm /cm , and the hydraulic conductivity 
decreased from 214,07 to 3.30 cm/hr. This decrease in the 
hydraulic conductivity is due to increased resistance of the 
porous medium to flow. When the column was desaturated, the 
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fluid had to flow through only the small pores inasmuch as the 
large pores were readily drained. The viscous drag force in 
the small pores apparently affect the unstabilizing effect of 
gravity acting on the upper more dense solution. 
Experiments with mixture of Clarion soil and Clayton sand 
To investigate the density and viscosity effects on the 
mixing process when the physical nature of a porous medium is 
changed. A series of experiments were conducted with the 
mixture of the Clarion soil and Clayton sand (Clarion plus 
sand). All the experiments were carried out for downward flow. 
Figure 26 presents breakthrough curves obtained with the 
20 cm long Clarion plus sand columns. Solutions of three 
different concentrations 0.01, 0.5 and 1.0 N were used to 
displace a common 0.01 N solution downward. It is first noted 
that the shape of all three breakthrough curves are quite 
different from those shown previously. This indicates that the 
Clarion plus sand must be a completely different type of porous 
material than the materials (Hagener sand. Clarion sandy clay 
loam, and Clayton sieved sand) used previously. In Figure 2 6  
the first breakthroughs are seen at less than 0.3 pore volumes. 
The displacements are unefficient and not complete even at 
pore volumes 2.0. It is seen, through the overall small slope 
of the curves, that the mixing of the two different porous 
media (the Clarion sandy clay loam and the sieved sand) caused 
Figure 26. Chlorine-36 breakthrough curves for solutions of different 
concentrations deplacing a common 0.01 CaClg solution vertically 
downward through the saturated 20 cm long column of Clarion plus 
sand at the same average flow velocity, 2.26 cm/hr 
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much mixing of the displacing and displaced solutions. With 
little mixing the curves would all be nearly vertical at 1 pore 
volume. Although the marked mixing of the two solutions is in 
each run (open circles, solid circles and triangles) clearly 
significant the curves of the three runs do not fall one on 
another. The breakthrough curves are separated at the first 
half part of the curve. The separation is due to the concentra­
tion effects. Obviously the mixing of the two different porous 
media. Clarion sandy clay loam and sieved sand, produced wide 
variation in pore size. Thus, the displacing solution passed 
through the larger pores and reached the end of the column much 
earlier than would chlorine-3 6 moving at the average flow 
velocity. The solution being displaced in the small pores was 
largely bypassed and this bypassing of solutions delayed the 
complete mixing. 
At the completion of the runs of the above experiments of 
Figure 26, a tension of 10 cm of water was applied to the out­
flow end of the column with inflow to the top of the column 
cut off. The suction removed water from the column. After 
water had ceased being sucked from the column, the predrilled 
holes in the wall column were cleared of the sealing scotch 
tape and air allowed to enter. The amount of drained water 
19 ml. The holes were closed again; the 10 cm of tension that 
was applied at the column bottom was discontinued, the cut off 
of the solution to top of the column was opened and a solution 
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of 0.01 N untagged CaClg was passed (by the pump) through the 
column until a steady slate velocity of approximately 2.3 cm/hr 
was established. This procedure has resulted in a flow experi­
ment, without tension, where air pockets in the medium to an 
extent of about 19 ml are established. In all earlier experi­
ments carbon dioxide gas was introduced into an air-dry column 
before it was water-saturated from the bottom. Thus in 
previous experiments the miscible displacement columns have 
been essentially air free. 
Figure 27 shows breakthrough curves for the Clarion plus 
sand when air had been introduced into the column as just 
described. The water content profile is shown in Figure 28. 
The flow velocity averaged (2.30 + 2.19 + 2.36)/3 = 2.28 cm/hr 
for the three runs shown. This flow velocity was purposely 
adjusted to be nearly the same as that 2.26 cm/hr for the runs 
on the column (of Figure 26) when the column did not contain 
introduced air. The three curves of Figure 27 have a steeper 
slope, and are thus seen to have much less mixing than the 
flatter—sloped curves of Figure 26. The influence of the 
introduced air in the column of Figure 27 is seen in another 
way. In Figure 27 the three breakthrough curves of the three 
different concentrations 0.01, 0.05 and 0.10 N into 0.01 N are 
not clearly separated as they are in Figure 26. Thus the 
introduced air has made the mixing insensible to a concentra­
tion effect. A large air effect might be expected because it 
Figure 27« Chlorine-36 breakthrough curves for solutions of different concentrations 
displacing a common 0.01 N solution vertically downward through the same 
20 cm long column of the Clarion plus sand used to obtain the results 
presented in Figure 26. 
The average flow velocities for 0.01 N, 0.10 N and 1.00 N were 2.30, 
2.19 and 2,30 cm/hr respectively. 
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is remembered that 19 ml of water was replaced by air, most of 
which must have remained trapped in the pores during the runs. 
When the above experiments were completed, a tension of 
30 cm was applied to the inflow and outflow ends of the column. 
The air holes in the walls of the column were opened to the 
atmosphere. The unsaturated water content profile is shown in 
Figure 28. The overall unsaturated water content was taken by 
averaging the values determined at 10 locations. For the un­
saturated flow with the 20 cm Clarion plus sand, only one run of 
tagged 0.01 N CaClg displacing untagged 0.01 N CaCl2 was con­
ducted . 
Figure 29, the triangles, shows the unsaturated run. For 
comparison, the corresponding saturated curve [open circles, 
from Figure 26} is shown and also the corresponding curve (open 
circles from Figure 27) when air had been introduced into the 
column and the miscible displacement then done under a positive 
head. The unsaturated (triangle) curve is clearly different 
from the other two curves and brings out the large difference 
expected for unsaturated flow. The unsaturated (triangle) 
curve of the Clarion plus sieved sand of Figure 29 is, however, 
comparable with the unsaturated 0.01 N to 0.01 N open-circled 
unsaturated curve of the sieved sand alone of Figure 25. For 
the Clarion plus sand (Figure 29) the breakthrough occurs 
earlier for the Clarion plus sand than for the sieved sand of 
Figure 25; and in Figure 29 the triangle curve is flatter than 
the unsaturated open-circled curve of Figure 25. Thus, the 
Figure 29. Chlorine-36 breakthrough curves for 0.01 N solution obtained with the 
20 cm long column of the Clarion plus sand 
The triangles are the breakthrough curve obtained under the 
unsaturated flow of a tension of 30 cm. The open circles and solid 
circles are redrawn from Figures 26 and 27. 
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introduction of the field soil with its clay and silt into 
sieved sand has resulted, as would be expected, in the 
greater mixing. 
The unsaturated run of Figure 29 may be compared with the 
work of Nielsen and Biggar (1962). 
Stability Parameter 
The experimental results may be used to examine the 
stability parameter X given previously in the Review of 
Literature as Equation 18. 
X = 
2Ti. GRCDj^D^Î 172 
[18] 
If X < 0, flow is stable. If 0 < X < 3, flow is quasi-stable. 
If X >3, flow is unstable. All the symbols are recalled as 
p = fluid density in g/cm^ 
y = fluid viscosity in poise 
k = permeability in cm/sec 
2 g = gravity acceleration in cm/sec 
q = specific discharge in cm/sec 
3 3 0 = volumetric water content cm /cm 
R = where r is the radius of the column in cm 
2 D = dispersion coefficient cm /sec. 
The subscripts u, a, L and T are upper, lower, average, 
longitudinal and transverse respectively, k is obtained from 
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the hydraulic conductivity and q is obtained from the average 
flow velocity. All the values except and are available. 
is assumed as ^ 0.7 (Dagan, 1966), where is the 
molecular diffusion coefficient. The molecular diffusion 
coefficients of 0.01, 0.1 and 1.0 N CaClg solution are 4.25 x 
10 4.00 X 10 ^ and 4.33 x 10~^ cm^/hr respectively (Handbook 
of Chemistry and Physics 48th edition 1967-1968, The Chemical 
Rubber Co.). has to be known. appears as D in Equations 
2 and 4. D is obtained with the aid of Equation 2 from the 
experimentally obtained breakthrough curve. The method for 
the calculation of D is given in the Appendix. 
Dispersion coefficients D determined at given flow 
velocities are presented in Table 4. 
Table 4. Dispersion coefficients D 
Soil Column 
length 
(cm) 
Water 
content 
(cm^/cm^) 
Flow 
velocity 
(cm/hr) 
D 
(cm^/h 
Hagener 10 0.437 2.17 0.224 
Hagener 20 0.437 2.33 0.258 
Hagener 30 0.437 2.35 0.306 
Clarion 30 0.467 
00 rH 
0.133 
Sand 20 0.352 2.35 0.080 
Sand 20 0.097 3.30 0.146 
Clarion+sand 20 0.397 2.26 -
Clarion+sand 20 0.375 2.30 1.484 
Clarion+sand 20 0.355 2.67 0.597 
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The stability parameter X was computed by placing all the 
variables into the Equation 18. The computed X is compared 
with the experimental situations. 
Table 5 shows the miscible displacement situation and the 
computed value of X for each case. For Cases 1, 2, 3 and 6 the 
experimental situation and the theory do not agree. For Cases 
11 and 16, the experimental situations were stable, while the 
theory predicted unstable. For the other 12 cases, the experi­
mental situation and the theory agree. 
The reason certain cases of the experiments do not 
apparently agree with the theory of Equation 18 can be 
explained. Equations 12 and 14 are recalled: 
It is also recalled that these equations are as much a part 
of Dagan's theory as Equation 18 and that unless the experi­
mental conditions satisfy Equations 12 and 14 it is not 
rational to compare Equation 18 with certain experimental 
results. In Equation 12, t is a time after start-up and this 
time t can be the experimental running time. In Equation 12 
T is a corresponding dimensionless time. If T is less than 
Tmax' Equation 18 cannot be used, because then, the type of 
breakthrough curve may be governed by the length of column. 
T = D^t [12] 
T. 
max 
[14] 
Table 5. Experimental situation and the stability parameter 
Case Soil Column 
length 
(cm) 
Water 
saturation 
Flow 
velocity 
(cm/hr) 
Flow 
direction 
1 
2 
3 
4 
5 
6 
Hagener 10 
20 
30 
10 
20 
30 
St 2.04 
2.21 
2.33 
2.05 
2.22  
2.31 
down 
7 
8 
9 
10 
11 
Clarion 30 1.81 
1.84 
1.79 
1.80 
1.78 
up 
12 
13 
14 
15 
16 
17 
18 
Sand 
Clarion 
+ sand 
20 
20 
unst 
St 
2.35 
2.35 
2.35 
3.30 
3.30 
2.19 
2.36 
down 
St = saturated, 
'unst = unsaturated. 
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Displacement Experiment X Theory Check 
stable or stable or 
unstable unstable 
0.05 N-^0.01 N unstable 1.31 stable no 
1.77 " no 
1.64 " no 
0.10 N->0.01 N " 3.31 unstable yes 
" " 3.30 " yes 
" " 3.00 stable no 
0.05 N-»-0.01 N stable 0.03 stable yes 
0.10 N+0.01 N " -0.20 " yes 
0.01 W+0.05 N " 0.14 " yes 
0.01 N-J-O.IO N " 0.53 " yes 
0.01 #+1.00 N " 5.95 unstable no 
0.05 #+0.01 N unstable 26.35 " yes 
0.10 N+O.Ol N " 51.91 " yes 
1.00 N-^O.Ol N " 560.2 " yes 
0.10 #+0.01 N stable 1.54 stable yes 
1.00 N+0.01 N " 16.12 unstable no 
0.10 N+0.01 N " 0.03 stable yes 
1.00 N+0.01 N 2 0.08 2 ^es 
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In Table S, th^ time T and computed with reference to the 
running time are given and it is seen for Cases 1, 2 ,  3 and 6 
that T is less than T and it therefore is not proper to use 
max 
Equation 18 (as its conditional equations are not satisfied). 
There are remaining Cases 11 and 16 to be explained. For 
these cases, 1 N CaClg solution was used to displace 0.01 N 
CaCl2 solution or to be displaced by 0.01 N CaCl2 solution. 
Here the density difference 0.046 g/cm^ and the viscosity 
differences 0.149 centipoises (see Table 3) evidently are too 
large to apply to the theory based on small perturbations. 
Table 6. Actual experimental running time t dimensionless experimental running time 
T and maximum disturbance growing time 
Case Soil Column Flow Displacement Stable Running® ^ 
length direct or time t 
(cm) unstable (hr) 
1 Hagener 10 down 0.05+0.01 unstable 7.3 0.047 < 0.429 
2 20 ft M II 13.5 0.087 < 0.783 
3 30 II II II 19.5 0.124 < 0.672 
4 10 M 0.10+0.01 II 7.4 0.047 < 2.74 
5 20 II II II 13.6 0.087 < 2.72 
6 30 II II It 19.3 0.125 < 2.25 
7 Clarion 30 II 0.05+0.01 stable 24.9 0.160 > 0.0002 
8 II II 0.1 +0.01 It 24.5 0.158 > 0.01 
9 II up 0.01+0.05 It 25.1 0.162 > 0.005 
10 II II 0.01+0.1 II 25.0 0.161 > 0.07 
®t is the running time for C/C^ to equal 1.0. 
is computed using Equation 12. 
°^max computed using Equation 14. 
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CONCLUSIONS 
Tables 5 and 6 summarize the results of the research. 
Breakthrough curves obtained with water-saturated Hagener 
soil showed earlier breakthrough and a longer mixing in the 
column as the concentration of the upper solution 
increased. For the Hagener, the shape of a breakthrough 
curve was not smooth regardless of the column length, 10, 
20 or 30 cm, when unstable flow conditions were applied, 
and the density effect was dominant over the viscosity 
effect. 
Breakthrough curves obtained with a water-saturated 
Clarion soil column did not show any concentration effects 
for downward flow, while breakthrough curves for upward 
flow rotated clockwise as the concentration of the dis­
placed solution increased. 
Breakthrough curves, when stable flow conditions were 
applied to the water-saturated Clayton sand showed piston 
like flow; while the breakthrough curves, when unstable 
flow conditions were applied showed clearly concentration 
effects Cof non-piston flow), and effects of the unstable 
flow conditions. 
Breakthrough curves obtained with an unsaturated Clayton 
sand column did not show any concentration effects when 
unstable flow conditions were applied. 
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Breakthrough curves obtained with the same column but with 
a different water content, under stable flow conditions, 
showed a significant effect of water content on the shape 
of the breakthrough curve. 
Permeability of the porous medium was seen to be a factor 
controlling the density and viscosity effects in the mixing 
process. 
The experimental results and the stability parameter 
derived by Dagan agreed except for certain cases. The 
exceptional cases were: 
A. The experimental results showed stable flow, while the 
stability parameter predicted unstable flow. 
B. The experimental results showed unstable flow, while 
the stability parameter predicted stable flow. 
These cases can be explained. Case A arose when large 
differences in density and viscosity were used in the 
miscible displacement experiments. These differences 
are apparently too large for the perturbation theory, 
based on small perturbations to apply. As explanation 
for Case B it was determined, using Equations 12 and 14, 
that the column lengths were not long enough for the 
perturbation theory to apply. It was felt that more 
experiments with longer columns and at slower flow rates 
should be done in connection with Case B. 
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9. A new technique based on the use of a flow cell scintilla 
tion counting system proved effective and efficient in 
obtaining miscible displacement data. 
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APPENDIX 
Calculation of Dispersion Coefficient 
The partial differential equation to describe the mixing 
process was already given in the Review of Literature as 
[1] 
and its solution for a semi-infinite column was also given as 
1 
2 erfc 
X - vt 
(4Dt) 
vx 
+ e erf X + vt 
(4DT) 1/2 
[2] 
for the boundary and initial conditions 
c = 
C = 0 
C = 0 
X = 0 
X = 0 
X œ 
t > 0 
t = 0 
t > 0 
The dispersion coefficient D is determined from the 
experimental breakthrough curve with the aid of Equation 2. 
Equation 2 is modified to an equation to give C/C^ as a function 
of pore volume P letting x be the column length L and using the 
relation 
P =  ^ t . 
Equation 2 is now rewritten as 
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VL 
1 7 erfc 1 - P 1 - P [2'] 
The flow velocity v and the column length L are known. In 
principle one can calculate D by placing any C/C^ and its 
corresponding P found on breakthrough curve into Equation 2'. 
However the computation is not simple because the error 
function is involved. There is a simple way to compute D using 
the slope of the breakthrough curve evaluated at pore volume 
1.0 CKirkham and Powers, Chapter 8, 1971). The relation of 
the dispersion coefficient D and the slope evaluated at P = 1.0 
will be derived. 
The function erfc z is defined by 
erfc 2=1- erf z 
where we have 
erf z = 
77  ^
^ -z^ dz 
e 
so that we find 
2 2 d(erfc z) jyj exp(-z )dz . 
TT 
Using this result to differentiate Equation 2* with respect 
to P one obtains 
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TT 
1 
17? exp 
ci-pr 
4DP 
VL-
1 f4DPt 1/2 2D(1-P) ,4DPYl/2 
^ VL trT. • ^ rry.' VL
IdF 
vL 
vL'
VL 
— e 
77 
1 
Ï72" exp 
(l+P) 
4DP 
vL 
14DP. 1/2 2DC1+P) ,4DP\-1/2 
^ VL' VL ^ VL' 
4DP 
vL 
Let P = 1, 
Then 
P=1 
VL 
TT 
1 
Ï7? escpC-^) 
Ci£) -1/2- (iD) -1/2 
VL' VL' 
î«/Co' is the slope s of the breakthrough cuirve at pore 
P=1 
volume 1.0. 
Thus 
4irD 
or 
[A] 
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The second method and the one used in this thesis is an 
iteration method. The experimentally obtained breakthrough 
curve may not be always smooth and the dispersion coefficient D 
found by evaluating the slope at P = 1 may not describe the 
whole range of the breakthrough curve. When D is solved by 
iteration, any point on the breakthrough curve can be used to 
compute the D. The computations were done by use of a 
digital computer. However, due to the difficulty of handling 
the large number exp CvL/D) in Equation 2', Equation 2• was 
further modified, using the following series approximation for 
erfc z: 
The first term in braces of Equation 2' does not cause any 
problem for the digital computer and is left as it is. The 
second term in the braces of Equation 2 ' will be rewritten. 
[B] 
vL 4DP f 
vL 1 1 . 1.3 1.3.5 . 
T + TTT - 7T-T + z 
vL(l+P)^ r 
1 D ?DP 1 1 . 1.3 1.3.5 
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TT 
VLCL-P) 1  ^ 4DP 
171 ® 
.1 - 1 
2z' 
.• : 1 
2z 
^ 1.3 T.3.5 
where z = 1 + P 
^4DP^l/2 
^ VL' 
Thus one finds 
erfc vlcl-pïI . 1 
_ 4DP 1 ;;:i75' 
vi.a-g)^ 
"3DF 1 ^ 1.3 
2? 2^z^ 2^ z 
1.3.5, 
f" 
which is solved for the dispersion coefficient D by iteration 
